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INFLUENCE  OF  THE  CIRCADIAN  RHYTHM  OF  BODY  TEMPERATURE 
ON  THE  PHYSIOLOGICAL  RESPONSE  TO  MICROWAVES: 

DAY  VS  NIGHT  EXPOSURE 


W.,  Gregory  Lotz 

Bioenvironmental  Sciences  Department 
Naval  Aerospace  Medical  Research  Laboratory 
Pensacola,  Florida 


I.  INTRODUCTION 


Invest? 


Previous  studies  have  demonstrated  the  existence  of  an 
adrenocortical  response  to  acute  microwave  exposure  in  rats 
and  rhesus  monkeys  (Lotz  and  Michaelson,  1978;  Lu,  et  al., 
1980a;  Lotz  and  Podgorski,  1982).  The  adrenal  response  was 
observed  only  during  exposures  to  a power  density  that  was 
greater  than  a threshold  power  density  required  to  cause  a 
rectal  temperature  increase  greater  than  1.5  °C.  In  the 
rat,  exposures  to  intensities  greater  than  this  threshold 
caused  additional  increases  in  both  rectal  temperature  and 
circulating  corticosterone  lev  Is . The  dose-response  curve 
‘fcr  the  rhesus  monkey  was  not  evaluated  with  multiple  expo- 
sure intensities  above  the  threshold  for  adrenocortical 
response,  but  corticosterone  levels  in  the  rat  were  strongly 
correlated  with  body  temperature  above  this  threshold  such 
that  the  more  the  rise  in  body  temperature  exceeded  1.5  °C, 
the  greater  was  the  increase  in  corticosterone  levels.  The 
adrenal  response  was  also  similar  in  character  and  mechanism 
to  the  nonspecific  adrenocortical  "stress"  response  that  has 
been  associated  with  many  environmental  stimuli  (Lu,  et  al., 
1980b) . The  earlier  experiments  with  monkeys  were  conducted 
with  a 24-h  experimental  protocol  that  was  designed  to  look 
for  persistent  or  delayed  effects  of  exposure,  including 
those  that  might  involve  the  known  circadian  rhythms  in 
these  parameters.  However,  no  delayed  or  persistent  effects 
of  this  type  were  noted.  Because  the  overall  response  of 
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the  pituitary- adrenal  axis  to  stress  has  been  reported  to 
have  a diurnal  variation  (Gibbs,  1970;  Engeland,  et  al., 
1977)  , and  because  diurnal  variations  have  also  been  shown 
in  the  sensitivity  of  different  levels  of  the  axis  to  spe- 
cific controlling  hormones  (Kaneko,  et  al.,  1980),  this 
study  was  designed  to  compare  the  effects  of  identical 
microwave  exposures  carried  out  at  two  different  phases  of 
the  circadian  cycle  on  body  temperature  and  circulating  cor- 
tisol levels  of  the  rhesus  monkey.  Rectal  temperature 
increases  during  8-h  microwave  exposures  were  virtually 
identical  for  both  day  and  night  exposures  even  though  sham 
and  exposed  absolute  temperatures  were  substantially  lower 
at  night  due  to  the  normal  circadian  rhythm  of  body  temper- 
atures. However,  the  marked  increase  in  circulating  corti- 
sol levels  that  was  observed  during  the  day  exposures  to  38 
mW/cm2  was  completely  absent  during  the  night  exposures. 
The  absence  of  a cortisol  response  during  the  night  expo- 
sures may  be  simply  related  to  the  absolute  body  temperature 
reached,  although  more  complex  circadian  influences  cannot 
be  ruled  out  by  these  data. 


II.  MATERIALS  AND  METHODS 


A.  Animals 

Six  male  rhesus  monkeys  (Macaca  mulatta,  6 to  10  kg)  were 
used  in  these  experiments.  These  animals  were  normally 
housed  individually  in  standard  metal  primate  cages  and  were 
maintained  on  a diet  of  Wayne  Monkey  Chow  (Allied  Mills, 
Inc.,  Chicago  IL)  supplemented  with  fresh  fruit.  The  illu- 
mination in  both  the  normal  housing  room  and  the  experimen- 
tal chamber  was  on  a 16:8  light/ dark  cycle  with  lights  on 
from  0600-2200.  Animals  were  provided  water  ad  libitum 
throughout  the  experiment.  Prior  to  use  in  this  study,  the 
monkeys  had  been  conditioned  to  prolonged  restraint  (up  to 
42  h)  in  a foamed  polystyrene  (Styrofoam)  restraint  chair 
and  had  had  an  indwelling  venous  catheter  surgically 
implanted  in  the  jugular  vein  using  techniques  adapted  from 
those  of  Herd,  et  al.  (1969)  as  previously  described  (Lotz, 
1979) . 


B.  Microwave  Equipment  and  Exposure  Protocol 

The  microwave  exposures  were  conducted  in  a microwave 
anechoic  chamber  according  to  a 24-h  protocol.  Both  the 
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chamber  and  the  protocol  have  been  described  in  detail  pre- 
viously (Lotz  and  Podgorski,  1982).  Briefly,  the  microwave 
source  provided  1.29  GHz  pulsed  radiation  (3  psec  pulse 
width,  pulse  repetition  rate  337  sec  -1)  and  the  animals  were 
irradiated  in  the  far-field  zone  of  a horn  antenna  while 
seated  in  a Styrofoam  restraint  chair.  Power  density  mea- 
surements were  averaged  over  the  region  occupied  by  the 
monkey  (crown  to  rump)  and  the  specific  absorption  rate  was 
estimated  on  the  basis  of  previous  data  (Olsen,  et  al., 
1980)  to  be  0.107  (W/kg) / (mW/cm2)  or  4.1  W/kg  for  38  mW/cm2 
exposures.  The  resting  metabolic  rate  (RMR)  of  a rhesus 
monkey  is  reported  to  be  about  2.4  W/kg  (Bourne,  1975). 
Exposures  were  eight  hours  in  length  and  were  conducted  from 
either  1200-2000  (day)  or  2200-0600  (niqht) . Hourly  blood 
samples  were  collected  before,  during,  and  after  the  expo- 
sure for  a total  period  of  24-h  from  0800  to  0800  the 
following  morning.  The  samples  were  drawn  remotely  (from 
outside  the  chamber)  via  the  catheter  and  were  promptly 
centrifuged.  The  plasma  was  separated  and  stored  frozen  at 
-25  °C  for  later  analysis.  Body  temperature  was  contin- 
uously monitored  and  recorded  hourly  using  a YSI  402  ther- 
mistor probe  (Yellow  Springs  Instrument  Co.,  Inc.,  Yellow 
Springs,  OH)  inserted  10  cm  into  the  rectum  of  the  monkey. 
Although  this  probe  is  not  designed  for  noninterference  in 
microwave  fields,  no  temperature  artifacts  were  observed  in 
measurements  accurate  to  0.1  °C.  These  checks  were  made  by 
cycling  the  microwave  power  on  and  off  at  each  of  the  power 
densities  used  in  this  study,  with  the  probe  in  the  normal 
position  in  the  monkey.  The  chamber  was  ventilated  with 
room  air,  with  air  flow  from  the  back  to  the  front  of  the 
chamber  with  respect  to  the  monkey.  Over  30  m3  of  air  were 
exchanged  each  minute,  a sulficient  rate  for  an  exchange  ot 
the  chamber  volume  once  per  minute,  and  the  velocity  of  air 
movement  around  the  animal  in  the  chair  was  15  to  30  m/min. 
The  restraint  chair  covered  the  back  surface  of  the  tacnkey's 
body  from  the  waist  down  to  just  above  the  knee,  effectively 
blocking  air  flow  from  the  pelvic  and  upper  leg  surface 
areas.  The  neck  was  also  covered  by  the  upper  part  of  the 
restraint  chair.  Ambient  temperature  was  maintained  at  24  ± 
2 °C  (range)  and  relative  humidity  averaged  55  ± 17%  (mean  ± 
SD)  during  all  experiments. 


C.  Hormone  Analysis 

Plasma  sauples  were  later  thawed  and  analyzed  for  levels 
of  cortisol  by  a competitive  protein  binding  method  (Murphy, 
1967)  and  for  thyroxine  by  a radioimmunoassay  method 
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D . Data 

Four  monkeys  were  each  exposed  three  times  to  each  condi- 
tion (sham-day,  exposed-day,  sham-night,  exposed-night). 
Corresponding  values  from  these  three  sessions  were  then 
averaged  to  obtain  representative  values  for  each  subject. 
The  data  presented  are  the  means  of  the  values  for  the  four 
subjects. 


III.  RESULTS 


The  effects  of  microwave  exposure  on  the  rectal  tempera- 
ture of  these  animals  for  day  or  night  exposures  are  shown 
in  Figure  1.  For  the  shams,  the  normal  circadian  rhythm  in 
deep  body  temperature  is  clearly  apparent,  with  the  lowest 
mean  temperature  occurring  at  0100  hours.  The  pattern  of 
response  and  magnitude  of  the  temperature  increase  is  vir- 
tually identical  for  both  exposure  situations,  with  an 
average  increase  of  1.7  and  1.6  °C,  respectively,  for  day 
and  night  exposures  (Table  I).  In  both  cases,  the  tempera- 
ture increased  steadily  for  the  first  two  hours  of  exposure, 
then  stabilized  at  an  elevated  level  for  the  remaining  six 
hours  of  exposure,  before  returning  to  sham  exposure  levels 
within  one  to  two  hours  after  the  exposure  ended. 

Comparisons  of  mean  rectal  temperatures  for  the  sham  and 
exposure  conditions  for  three  time  intervals  are  shown  in 
Table  I.  Values  for  daytime  exposures  at  28  mW/cm2  from 
another  paper  (Lotz  and  Podgorski,  1982)  are  included  here 
for  comparison  purposes.  No  change  in  plasma  cortir.ol 
levels  occurred  during  these  day  exposures  to  28  mW/ca2. 
The  three  time  periods  represent  the  pre-exposure  period  for 
day  exposures  (0800-1200) , the  period  during  the  day  expo- 
sure when  body  temperature  was  elevated  and  stable 
(1500-2000,  representing  exposure  hours  three  through 
eight) , and  the  corresponding  period  during  the  night  expo- 
sure when  body  temperature  was  elevated  and  stable 
(0100-0600) . Note  that  the  mean  temperature  during  day 
exposure  to  28  mW/cm2  (1500-2000)  is  exactly  the  same  as  the 
mean  temperature  during  night  exposure  to  38  mW/cm2 
(0100-0600).  The  increase  in  temperature  (AT)  is,  however, 
quite  different  for  those  two  periods.  In  contrast  to  that 
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situation,  the  temperature  increase  for  both  the  day  and 
night  exposures  to  38  mW/cm2  is  practically  identical  even 
uhough  the  absolute  temperature  means  differ  by  0.9  °C. 


Table  I.  Rectal  Temperature  Comparisons 


Type  of 

Rectal  temperature  (mean 

± SE)a 

Exposure 

0800-1200 

1500-2000 

0100-0600 

SHAM 

38.0  ± 0.1 

38.0  ± 0.1 

37.2  + 0.1 

28  mW/cm2 

(DAY)b 

38.0  ± 0.1 

38.8  ± 0.1 

37.2  ± 0.1 

38  m.W/cm2 

(DAY) 

38.1  ± 0.1 

39.7  ± 0,1* 

36.9  + 0.1 

38  mW/cm2 

(NIGHT) 

38.0  ± 0.1 

37.9  ± 0.1 

38.8  ± 0.1 

Values  are  the  mean  of  hourly  measurements  for  4 monkeys 
for  times  included  in  the  intervals  shown. 


These  data  are  taken  from  another  study  (Lotz  and 
Podgorski,  1982) . 

Circulating  cortisol  levels  were  significantly  altered 
from  sham  levels  (p  <.05). 


Circulating  cortisol  levels  in  the  monkeys  are  shown  in 
Figures  2A  and  2B  for  day  and  night  exposure  sessions, 
respectively.  For  day  exposures,  a clear  increase  in  cor- 
tisol levels  exists,  beginning  two  to  three  hours  after  the 
onset  of  exposure.  It  is  read-ly  apparent  from  Figure  2B 
that  no  difference  between  cortisol  levels  of  sham  or 
exposed  monkeys  existed  during  the  night  sessions. 

No  differences  in  thyroxine  levels  existed  between  sham 
and  exposed  conditions  for  either  day  or  night  sessions . 
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IV.  DISCUSSION 


These  results  indicate  that  the  effects  of  microwave 
exposure  on  body  temperature  and  plasma  cortisol  levels  of 
the  rhesus  monkey  were  influenced  by  the  circadian  rhythm  in 
these  parameters.  The  increase  in  body  temperature  (At) 
caused  by  identical  exposures  conducted  either  in  the  day  or 
at  night  was  the  same,  but  the  peak  level  of  that  tempera- 
ture was  almost  1 °C  lower  at  night.  This  comparable  AT 
suggests  that  the  thermoregulatory  response  to  this  micro- 
wave  exposure  was  conparable  for  both  day  and  night  expo- 
sures, and  that  this  response  is  consistent  with  the 
concepts  that  have  been  established  from  studies  of  thermo- 
regulatory control  mechanisms.  The  concept  of  a sustained 
error  signal  has  been  developed  to  explain  body  temperature 
and  thermoregulatory  responses  during  a sustained  heat  load 
associated  with  exercise  (Stitt,  1979) . The  work  of  Nielsen 
and  Nielsen  (1965)  suggests  that  the  thermoregulatory 
response  to  a microwave  heat  load  is  essentially  equivalent 
to  an  exercise  heat  load.  The  nocturnal  drop  in  body  tem- 
perature is  thought  to  be  due  to  a drop  in  the  regulatory 
set-point  at  night  in  animals  that  are  active  during  the  day 
(Hensel,  1973).  Wenger,  et  al.  (1976)  demonstrated  that  the 
nocturnal  lowering  of  the  thermoregulatory  set  point  is 
accompanied  by  a lowering  of  thresholds  for  sweating  and 
vasodilation  in  man.  The  increments  in  body  temperature  we 
observed  during  microwave  exposure,  virtually  the  same  what- 
ever the  time  of  day,  reflect  the  constant  error  signal  pro- 
duced by  identical  exposures,  while  the  different  levels  of 
body  temperature  reached  during  irradiation  at  different 
times  of  day  reflect  the  fact  that  the  error  signal  is  added 
onto  a different  level  of  thermoregulatory  set  point.  There 
is  no  indication  that  the  microwave  exposure  has  any  effect 
on  the  control  of  the  basic  circadian  rhythm  of  body  tenper- 
ature . 

One  aspect  of  this  temperature  response  that  i3  not  con- 
sistent with  the  analogy  tc  exercise-induced  hyperthermia  is 
the  fact  that  a At  in  rectal  temperature  of  about  1.6  °C  is 
caused  by  a rate  of  microwave  heating  that  is  less  than 
twice  the  resting  metabolic  rate  of  the  animal.  In  exer- 
cising humans,  the  degree  of  hyperthermia  is  proportional  to 
the  relative  work  load,  i.e.  to  the  percentage  of  the  maxi- 
mum aerobic  capacity.  Rectal  temperatures  do  not  normally 
exceed  1.5  °C  in  humans  engaged  in  sustained  exercise  unless 
the  metabolic  rate  is  more  than  5 times  the  RMR  (Salfj.n  and 
Hermansen,  1966) . Although  there  are  few  data  in  the  liter- 
ature on  metabolic  rates  of  exercising  monkeys,  it  appears 
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that  rhesus  monkeys  can  exercise  vigorously  at  metabolic 
rates  several  times  the  RMR  without  causing  more  than  a 1.5 
°C  rise  in  rectal  temperature  (Myers,  et  al, , 1977).  An 
important  question,  then,  is  how  can  a monkey  dissipate  heat 
more  effectively  when  exercising  than  when  heat  is  being 
generated  in  his  tissues  passively  by  exposure  to  microwave 
radiation?  It  may  be  that  the  rhesus  ronkey  is  not  c good 
model  for  humans  with  which  to  study  thermoregulation  during 
exercise,  even  though  the  rhesus  monkey  is  a good  model  for 
man  with  respect  to  thermoregulation  at  re?1*  (Johnson  and 
Elizondo,  1979) . On  the  other  hand,  the  rhesus  monkey  may 
be  a suitable  model  for  exercise- induced  hyperthermia,  but 
have  a maximum  aerobic  capacity  that  is  relatively  low  when 
compared  to  the  RMR,  In  the  case  of  a relatively  low  aero- 
bic capacity,  a microwave-induced  heat  load  equivalent  to 
twice  the  RMR  might  be  predicted  to  cause  a significant 
increase  in  body  temperature,  according  to  the  principle 
that  the  degree  of  hyperthermia  is  proportional  to  the  rela- 
tive work  load.  However,  based  on  the  available  informa- 
tion, this  explanation  seems  unlikely.  If  the  rhesus  monkey 
is  a good  model  of  man  for  thermoregulation  in  the  exer- 
cising or  microwave- exposed  subject,  then  other  possible 
explanations  for  the  relative  inability  to  dissipate  micro- 
wave  heat  must  be  considered. 

Muscle  blood  flow  may  be  an  important  part  of  the  answer 
to  this  question,  because  the  initial  stimuli  to  which  the 
blood  flow  responds  is  different  for  the  two  situations 
under  consideration.  Muscle  blood  flow  in  the  active 
muscles  increases  rapidly  within  seconds  of  the  onset  of 
exercise.  This  increased  blood  flow  is  in  response  to  the 
increased  metabolic  demands  of  the  muscle,  but  the  enhanced 
blood  flow  also  transfers  the  metabolic  heat  to  the  body 
core  where  it  provides  information  for  the  prompt  and  pro- 
portional control  of  thermoregulatory  responses  by  the  hypo- 
thalamus. However,  at  1.29  GHz,  the  limbs  of  the  monkey  are 
heated  at  a rate  as  much  as  5 to  7 times  the  rate  of  heating 
of  the  body  core  (Olsen,  et  al, , 1980;  Olsen  and  Griner, 
1982)  . Much  of  this  energy  would  be  deposited  in  the 
muscles  of  the  limbs , where  blood  flow  is  quite  low  in  the 
resting  animal.  This  heat  could  go  virtually  undetected  by 
either  the  superficial  cutaneous  warmth  sensors  or  by  the 
hypothalamus,  until  muscle  temperature  had  increased  suffi- 
ciently to  cause  increased  blood  flow  in  the  muscles.  Based 
on  studies  with  diathermy,  blood  flow  in  a passive  muscle 
does  not  increase  until  local  temperature  reaches  about 
41  °C  (Guy,  et  al . , 1974).  Thus,  until  muscle  blood  flow 
increases,  the  peripheral  muscles  may  be  storing  a consider- 
able amount  of  heat.  Prior  to  that  transfer,  the 
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thermoregulatory  response  would  be  based  on  incomplete  in- 
formation while  the  amount  of  stored  heat  in  the  body 
increased.  Once  the  muscle  blood  flow  increased,  the  ther- 
moregulatory response  would  increase  in  proportion  to  the 
additional  heat  load  transferred  to  the  body  core,  but  the 
legs  would  probably  remain  relatively  hot  throughout  the 
exposure  in  order  to  keep  their  blood  flow  high  enough  to 
carry  off  enough  heat  to  avoid  getting  even  hotter.  It  is 
possible  that  this  extra  heat  transferred  from  the  legs  by 
the  pelvic  veins  influenced  rectal  temperature,  in  a manner 
similar  to  that  observed  by  Mead  and  Bonmarito  (1949)  in 
man,  to  make  rectal  temperature  a biased  index  of  deep  body 
temperature  in  these  microwave-exposed  animals.  The  influ- 
ence of  microwave  heating  of  tie  peripheral  muscles  might 
also  explain  the  difference  between  the  level  of  heating 
observed  in  this  study  and  the  level  observed  by  Nielsen  and 
Nielsen  (1965) , in  which  the  diathermy  exposure  was  limited 
to  the  body  torso.  The  whole-body  exposed  monkeys  had  a 
rectal  temperature  increase  of  1.7  °C  at  a microwave-heat 
production  rate  of  about  twice  the  RMR,  while  the  human  sub- 
jects of  Nielsen  and  Nielsen  had  a rectal  temperature 
increase  of  only  'v  1 °C  at  an  electromagnetic-heat  produc- 
tion rate  of  ^ 5 times  the  RMR.  Obviously,  some  information 
on  the  temperature  or  blood  flow  in  the  leg  muscles  and  on 
other  deep  body  temperatures  during  microwave  exposure  is 
needed  to  test  this  hypothesis.  If  this  idea  holds  up  to 
such  tests,  a given  rate  of  heat  production  and  radiant 
energy  absorption  should  not  warm  the  leg  muscles  of  exer- 
cising monkeys  nearly  as  much  as  those  of  irradiated 
monkeys,  because  of  the  much  higher  blood  flow  in  the  exer- 
cising muscle. 

The  surprising  result  of  these  experiments  was  the  com- 
plete absence  of  an  adrenocortical  response  during  the  night 
exposures,  in  spite  of  the  equivalent  increase  in  rectal 
temperature.  Earlier  reports  of  both  adrenocortical  and 
behavioral  effects  of  microwaves  suggested  the  hypothesis 
tuat  the  interaction  of  these  effects  with  body  temperature 
was  closely  correlated  with  a threshold  AT  during  microwave 
exposure  (Lots  and  Podgorski,  1982;  de  Lorge,  1979).  The 
results  of  these  experiments  do  not  support  the  "critical 
AT"  concept,  however.  These  results  are  more  compatible 
with  the  idea  that  the  adrenocortical  response  was  only 
stimulated  in  the  rhesus  monkey  if  the  body  temperature 
exceeded  a particular  critical  level  between  38.8  °C  and 
39.7  °C.  Cortisol  levels  were  not  affected  during  exposures 
that  raised  rectal  temperature  to  38.8  °C,  whether  those 
exposures  were  co  28  mW/cm2  during  the  day  (Lotz  and 
Podgorski,  J982)  or  to  38  mW/cm2  at  night,  but  cortisol 
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levels  were  increased  during  38  mW/em"  day  exposures  that 
raised  rectal  temperature  to  39.7  °C.  The  results  do  not, 
however,  exclude  the  possibility  that  the  absence  of  an 
adrenocortical  response  during  the  night  exposure  was  due  to 
complex  mechanisms  in  the  CNS  control  of  the  rhythmic  neuro- 
endocrine system  that  were  unrelated  to  the  body  tempera- 
ture. Even  if  a higher  exposure  intensity  had  been  used  to 
increase  the  rectal  temperature  to  39.7  0 at  night,  it  is 
possible  that  the  cortisol  response  would  still  not  have 
occurred  as  it  did  during  day  exposures  that  raised  rectal 
temperature  to  that  absolute  level. 

The  circadian  rhythm  of  glucocorticoid  secretion  is  well 
defined  in  most  mammals,  including  man  (Gallagher,  et  al . , 
1973)  and  the  rhesus  monkey  (Holaday,  et  al.,  1977). 
Kaneko,  et  al.  (1980)  have  described  a number  of  variations 
in  the  frequency  and  amplitude  modulation  of  different 
levels  of  the  adrenocortical  system  with  respect  to  the  cir- 
cadian cycle  of  the  rat.  The  observations  of  Kaneko,  et  al. 
may  help  to  clarify  a complex  picture  in  which  the  adreno- 
cortical response  to  stress  has  been  reported  to  be  either 
dependent  or  independent  of  the  circadian  cycle  (Gibbs, 
1970;  Allen,  et  al.,  1975).  In  those  reports  that  indicate 
an  adrenocortical  response  that  is  dependent  upon  the  cir- 
cadian rhythm,  an  enhanced  response  during  the  peak  phase  of 
the  cycle  has  been  observed  in  the  rat.  For  the  monkey,  the 
corresponding  time  of  greatest  adrenocortical  response  would 
be  in  the  morning,  when  cortisol  levels  are  high.  In  the 
study  reported  here,  the  "day"  microwave  stimulus  was  actu- 
ally delivered  after  the  morning  peak  of  cortisol  levels  had 
begun  to  decline,  but  while  the  levels  were  still  near  that 
peak.  The  "night"  exposure  was  begun  at  or  near  the  nadir 
of  circulating  cortisol  levels  and  was  continued  through  the 
period  of  increasing  cortisol  secretion  to  the  time  of  early 
morning  peak  levels  of  cortisol.  In  actuality,  these  two 
periods  are  contrasted  by  changes  in  cortisol  secretory 
rates  (Holaday,  et  al . , 1977)  as  well  as  cortisol  levels  in 
that  the  secretory  rate  is  low  in  the  early  afternoon  and 
high  in  the  early  morning.  Furthermore,  the  plasma  cortisol 
in  monkeys  irradiated  during  the  day  rose  to,  but  not  above, 
the  early  morning  peak  seen  in  sham  experiments.  Thus, 
these  data  could  be  interpreted  to  mean  that  small  stimuli 
can  increase  the  cortisol  secretory  rate  up  to  its  highest 
level  in  the  normal  daily  range,  but  much  larger  stimuli  are 
needed  to  increase  it  beyond  this  range.  As  shown  in  Figure 
2A,  irradiation  during  the  day  returned  cortisol  release  to 
its  highest  normal  daily  level,  reversing  the  drop  in  cir- 
culating cortisol,  but  the  mild  stimulus  of  irradiation 
(Figure  2B)  did  not  alter  the  cortisol  secretory  rate  at 
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night  when  it  was  already  at  its  normal  daily  high,  and 
tv  .nee  produced  no  change  in  circulating  cortisol  levels. 
This  interpretation  might  be  tested  in  protocols  in  which 
the  circadian  rhythm  of  body  temperature  is  separated  from 
the  pattern  of  plasma  cortisol  by  infusing  ACTH. 

Only  one  other  report  has  been  found  in  which  the  effects 
of  microwave  exposure  at  different  times  of  the  circadian 
cycle  have  been  studied.  Lu,  et  al.  (1980a)  observed  a sup- 
pression of  the  normal  afternoon  circadian  rise  in  plasma 
corticosterone  levels  of  rats  exposed  to  20  mW/cra2  for  eight 
hours.  The  colonic  tenperature  of  the  rats  was  1.35  °C 
higher  after  the  exposure  than  after  a sham  exposure.  The 
timing  of  their  experiment  vras  comparable,  in  its  phase 
relationship  to  the  circadian  cycle,  to  the  night  exposures 
of  rhesus  monkeys  in  this  study.  However,  che  expected  rise 
in  plasma  cortisol  was  unaffected  in  our  study,  but  was  sup- 
pressed during  irradiation  in  the  study  of  Lu,  et  al . 

The  hypothesis  that  the  adrenocortical  response  observed 
in  the  day  exposures  depends  on  a body  temperature  in  excess 
of  a particular  level  might  be  tested  by  altering  the 
ambient  temperature  in  conjunction  with  microwave  exposure. 
Other  effects  of  microwave  exposure  have  been  shown  to  be 
altered  by  varying  environmental  temperature  during  exposure 
(Deichmann,  et  al . , 1959).  Thus,  the  cortisol  response 
might  be  stimulated  by  lower  intensity  microwave  exposure 
with  higher  ambient  temperature  or,  conversely,  might  be 
negated  by  lowering  the  ambient  temperature  during  the 
exposure  that  caused  the  observed  effect.  More  complex 
experiments  of  this  type  using  thermodes  to  alter  hypothala- 
mic temperature  during  exposure  could  also  help  clarify  this 
question. 


V.  CONCLUSIONS 


■“"TEn  summary,  the  results  of  this  study  demonstrate  an 
influence  of  the  circadian  rhythm  on  the  effects  of  micro- 
wave  exposure  on  plasma  cortisol  and  rectal  temperature. 
The  lower  rectal  temperature  during  night  exposures  was  pre- 
sumably due  to  the  lower  sham- condition  temperature'  at 
night,  since  tht.  temperature  increase  over  sham  levels  was 
similar  for  either  day  or  night  exposures.  The  absence  of  a 
cortisol  response  during  night  exposures  may  be  simply 
related  to  the  absolute  body  temperature  reached,  although 
more  complex  circadian  influences  cannct  be  eliminated  by 
these  data.  Although  the  results  were  insufficient  to  pro- 
vide a clear  understanding  of  the  mechanisms  involved,  it 
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was  shown  conclusively  that  the  responses  studied  depended 
not  only  on  the  independent  variables  o*  microwave  exposure 
selected,  but  also  on  the  baseline  levels  of  the  normal 
physiological  state  that  existed  at  the  time  of  exposure.'. 


ACKNOWLEDGMENTS 


This  work  was  supported  by  the  U.  S.  Naval  Medical 
Research  and  Development  Command.  Opinions  and  conclusions 
expressed  in  this  article  are  those  of  the  author  and  do  not 
necessarily  reflect  the  views  or  endorsement  of  the  Navy 
Department.  The  animals  used  in  this  study  were  handled  in 
accordance  with  the  Principles  of  Laboratory  Animal  Care 
established  by  the  Committee  on  the  Guide  for  Laboratory 
Animal  Resources,  National  Academy  of  Science-National 
Research  Council.  HMC  Robert  P.  Podgorski  was  responsible 
for  the  hormone  analysis  of  all  samples  and  much  appreci- 
ation goes  to  him  for  this  assistance.  T,  also  wish  to  thank 
HM3  Ramon  S.  Pasillas  and  HM3  Rickey  3arrow  for  their  tech- 
nical assistance,  and  Mrs.  Anna  Johnson  for  typing  the 
manuscript. 


REFERENCES 


Allen,  C.F. , Allen,  J.P.,  and  Greer,  M.A.  (1975).  Absence 
of  nycthemeral  variation  in  stress-induced  ACTH  secretion 
in  the  rat.  Aviat.  Space  Environ.  Med.  46:296. 

Bourne,  G.H.  (1975).  Collected  anatomical  and  physiological 
data  from  the  rhesus  monkey.  In  The  Rhesus  Monkey  (G.H. 
Bourn  , ed.)f  Vol.  1,  p.  55,  Academic  Press,  New  York. 

de  Lorge,  J.  (1979).  Disruption  of  behavior  in  mammals  at 
three  different  sizes  exposed  to  microwaves:  extrapo- 

lation to  larger  mammals.  In  Electromagnetic  Fields  in 
Biological  Systems  (S.S.  Stuchly,  ed.).  Proceedings  of 
the  1978  Symposium  in  Ottawa  Canada,  June  28-30,  p.  215, 
IMP I Ltd,  Edmonton. 

Deichmann,  W.B.  , Bernal,  E. , and  Keplir.ger,  M.  (1959). 
Effect  of  environmental  temperature  and  air  volume 
exchange  on  survival  of  rats  exposed  to  microwave  radia- 
tion of  24,000  megacycles.  In  Proceedings  of  Third 
Annual  Tri-Service  Conference  on  Biological  Effects  of 
Microwave  Radiating  Equipments  (c.  Susskind,  ed.),  p.  62, 
U.  of  California  Printing  Dept,  Berkeley. 


459 


Circadian  Rhythm  and  Microwaves 


Engeland,  W.C. , Shinsako,  J. , Winget,  C.M.  , Vernikos- 
Danellis,  J.  , and  Dallman,  M.F.  (1977).  Circadian  pat- 
terns of  stress-induced  ACTH  secretion  are  modified  by 
corticosterone  responses.  Endocrinology  100:138. 
Gallagher,  T.F. , Yoshida,  K. , Roffwarg,  H.D. , Fukushima, 
D.K.  , Weitzman,  E.D. , and  Heilman,  L.  (1973).  ACTH  and 
cortisol  secretory  patterns  ir,  man.  J.  Clin.  Endocrinol. 
Metab,  36:  1058. 

Gibbs,  F.P.  (1970).  Circadiar  variation  of  ether-induced 
corticosterone  secretion  in  the  rat.  Am.  J.  Physiol. 
219:  288. 

Guy,  A.W. , Lehmann,  J.F.,  and  Stonebridge.  J.B.  (1974). 
Therapeutic  applications  of  electromagnetic  power.  Proc. 
IEEE  62:  55. 

Hensel,  H.  (1973).  Neural  processes  in  thermoregulation. 
Physiol.  Rev.  53:  948. 

Herd,  J.A. , Morse,  R.T. , Kelleher,  R.T. , and  Jones,  L.G. 
(1969) . Arterial  hypertension  in  the  squirrel  monkey 
during  behavioral  experiments . Am.  J.  Physiol.  217:  24. 
Holaday,  J.W. , Meyerhoff,  J.L. , and  Natelson,  B.H.  (1977). 
Cortisol  secretion  and  clearance  in  the  rhesus  monkey. 
Endocrinology  100:  1178. 

Johnson,  G.S.  and  Elizondo,  R.S.  (1979).  Thermoregulation 
in  macaca  mulattai  a thermal  balance  study.  J.  Appl. 
Physiol.:  Respirat.  Environ.  Exercise  Physiol.  46:  268. 

Kaneko,  M. , Hiroshige,  T.  , Shinsako,  J.  , and  Dallman,  M.F. 
(1980).  Diurnal  changes  in  amplification  of  hormone 
rhythms  in  the  adrenocortical  system.  Am.  J.  Physiol . 
239  (Regulatory  Integrative  Comp.  Physiol.  8) : R309. 

Lotz,  W.G.  (1979).  Endocrine  function  in  rhesus  monkeys 
exposed  to  pulsed  microwave  radiation.  In  Electromag- 
netic Fields  in  Biological  Systems  (S.S.  Stuchly,  ed.), 
Proceedings  of  the  1978  Symposium  in  Ottawa,  Canada,  June 
28-30,  p.  32,  IMPI  Ltd,  Edmonton. 

Lotz,  W*G.  and  Podgorski,  R.P.  (1982).  Temperature  and 
adrenocortical  responses  in  rhesus  monkeys  exposed  to 
microwaves.  J.  Appl.  Physiol.:  Respirat.  Environ.  Exer- 

cise Physiol.  (In  Press). 

Lotz,  W.G.  and  Michaelson,  S.M.  (1978).  Temperature  and 
corticosterone  relationships  in  microwave  exposed  rats. 
J.  Appl.  Physiol.:  Respirat.  Environ.  Exercise  Physiol. 

44:438. 

Lu,  S.-T.  , Lebda,  N.  , Pettit,  S.  , and  Michaelson,  S.M. 
(1980a) . Delineating  acute  neuroendocrine  responses  in 
microwave-exposed  rats.  J.  Appl.  Physiol.:  Respirat. 

Environ.  Exercise  Physiol.  48:  927. 


460 


W.  Gregory  Lotz 


Lu,  S.-T. , Lotz,  W.G. , and  Michaelson,  S.M.  (1980b). 
Advances  in  microwave-induced  neuroendocrine  effects: 
the  concept  of  stress.  Proc.  IEEE  68:  73. 

Mead,  J.  and  Bonmarito,  C.L.  (1949).  Reliability  of  rectal 
temperatures  as  an  index  of  internal  body  temperature. 
J.  Appl.  Physiol  2:  97. 

Murphy,  B.E.P.  (1967).  Some  studies  of  the  protein-binding 
of  steroids  and  their  application  to  the  routine  micro 
and  ultramicro  measurement  of  various  steroids  in  body 
fluids  by  competitive  protein-binding  radioassay.  J. 
Clin.  Endocrinol.  Metab.  27 : 973. 

Myers,  R. D. , Gisolfi , C.V. , and  Mora,  F.  (1977).  Role  of 
brain  Ca2  in  central  control  of  body  temperature  during 
exercise  in  the  monkey.  J.  Appl.  Physiol.:  Respirdt. 

Environ.  Exercise  Physiol.  43:  689. 

Nielsen,  B.  and  Nielsen,  M.  (1965) . Influence  of  passive 
and  active  heating  on  the  temperature  regulation  of  man. 
Acta  Physiol.  Scand.  64:  323. 

Olsen,  R.G. , Griner,  T. A. , and  Prettyman,  G.D.  (1980). 
Far-field  microwave  dosimetry  in  a rhesus  monkey  model. 
Bioelectromagnetics  1:  149. 

Olsen,  R.G.  and  Griner,  T.A.  (1982).  Partial-body  absorp- 
tion resonances  in  a sitting  rhesus  model  at  1.29  GHz. 
Radiat.  Environ.  Biophysics  (In  Press). 

Saltin,  B.  and  Hermansen,  L.  (1966).  Esophogeal,  rectal, 
and  muscle  teayperature  during  exercise.  Am.  J » Physiol. 
21:  1757. 

Stitt,  J.T.  (1979).  Fever  versus  hyperthermia.  Federation 
Proc . 38:  39. 

Wenger,  C.B.,  Roberts,  M.F.,  Stolwijk,  J.A.J.,  and  Nadel, 
E.R.  (1976).  Nocturnal  lowering  of  thresholds  for 
sweating  and  vasodilation.  J . Appl.  Physiol.  41:  15. 


T\ 


